Background: Gastric cancer (GC) is a major leading cause of cancer mortality worldwide. Polyadenylate (poly(A))-binding protein (PABP)-interacting protein 1 (Paip1) is a key regulator in the initiation of translation; however, its role in GC remains to be investigated. Purpose: The purpose of this study is to determine Paip1 expression levels and investigate its underlying molecular mechanism in GC. Patients and methods: In the present study, a total of 90 GC samples and 90 adjacent noncancerous tissues were used to examine the expression of Paip1. In order to gain a deep insight into the molecular mechanism of Paip1 in GC, the Paip1 siRNA sequences were transfected into GC cell lines (MGC-803 and SGC-7901), respectively. Meanwhile, Paip1 plasmid was used to mediate overexpression of Paip1. Cell proliferation were examined via colony formation assay, EdU assay and flow cytometry assay. Cell metastasis were discovered via wound healing assay and Transwell assays. In addition, key EMT makers were detected by Western blotting assay. Results: In this study, Paip1 expression was observed to be upregulated in GC and was associated with shorter overall survival. Knockdown of Paip1 inhibited cell proliferation, migration and caused cell cycle arrest in GC cells, whereas its overexpression reversed these effects. Another mechanistic study showed that Paip1 overexpression promoted EMT progression and regulated its targets expression. Conclusion: High expression of Paip1 plays a significant role in the progression of GC and may be a potential biomarker of poor prognosis as well as a therapeutic target.
Introduction
GC is one of the leading causes of cancer-related deaths worldwide and occurs with the highest frequency in China. 1, 2 According to Chinese statistics from 2015, 679 100 new cases of GC were diagnosed, and 498 000 patients died in 2015. Residents of rural areas were reported to have significantly higher incidence and mortality rates than urban residents. 3 These studies show that incidence rates of GC depend on geography. Due to the limited clinical approaches for the early diagnosis and treatment of GC, the prognosis for GC patients is far from optimistic. Therefore, a comprehensive understanding of the etiology and mechanisms of GC development could benefit the identification of novel targets associated with GC. The mammalian PABP-binding protein is polyadenylate-binding protein-interacting protein 1 (Paip1), which can stimulate the initiation of translation by binding PABP. 4, 5 Protein synthesis regulation at translation initiation is a crucial mechanism for regulating cell proliferation and differentiation. 6, 7 Recently, many studies have reported that imbalances in this process may contribute to cell immortalization and oncogenic transformation. 8, 9 Based on these studies, Paip1 might be involved in cancer development and progression. Previous research has demonstrated that Paip1 is overexpressed in invasive cervical cancer and amyotrophic lateral sclerosis and participates in the malignant progression of cervical epithelial cells. 10, 11 However, the mechanisms underlying these tumor-promoting effects of Paip1 are still not well understood.
In the present study, we explored the role of Paip1 in GC. The results showed that knockdown of Paip1 inhibited the proliferation and metastasis of GC cells. These results suggest that Paip1 is a novel oncogene in GC that could be used as an additional diagnostic target and a potential therapeutic target for GC patients.
Materials and methods

Ethics statement
This study complied with the principles of the Declaration of Helsinki and was approved by the human ethics and research ethics committees of Yanbian University Medical College in China. All patients whose tissues used in this research were provided written informed consent. Their resected specimens were stored by our hospital and will potentially be used for scientific research. Their privacy will be maintained. The Follow-up survival data were collected retrospectively through medical-record analyses.
Tissues and specimens
A total of 90 cases of surgically resected GC and 90 cases of peritumoral gastric tissues were collected from the files of Yanbian University Cancer Research Center. All patients are Han nationality, from Jilin Province, China. All patients did not receive chemotherapy. All cases were reviewed by two pathologists, and the histological diagnoses were confirmed without discrepancy.
All samples were routinely fixed in 10% buffered formalin and embedded in paraffin blocks. The pathological parameters, including age, gender, tumor invasion, histological grade, lymph node metastasis, lymphatic invasion, clinical stage and survival data, were reviewed. Overall survival (OS) time was defined as the time from surgery to cancer-related death. The pathological parameters considered in this study are summarized in Table 1 .
Immunohistochemical (IHC) analysis
Immunohistochemical (IHC) analysis was performed using a Dako LSAB kit (Dako A/S, Glostrup, Denmark). Tissue sections were deparaffinized, hydrated and incubated with 3% H 2 O 2 in methanol. Next, the antigen was restored and then incubated with 1% bovine serum albumin. The slides were incubated overnight at 4°C with a primary antibody. Then, the cells were incubated with a secondary antibody for 30 min, followed by diaminobenzidine (DAB), and counterstained with Mayer's hematoxylin. Using a rabbit IgG isotope as a negative control, positive tissue sections were processed, and the primary antibody was omitted as an additional negative control.
Two pathologists analyzed the samples without knowledge of the clinical results of all tissue samples. If there was a difference between the two analyses, the two pathologists reassessed the samples on a doubleheaded microscope to determine the final score. In short, the staining intensity was scored as 0 (negative), 1 (weak), 2 (intermediate) and 3 (strong). The staining proportion was scored as 0 (<10%), 1 (11-25%), 2 (26-50%), 3 (51-75%) and 4 (76-100%). The intensity and proportion scores were used to calculate the final immunoreactive score. Tissue sections scored as ≥4 were considered a strong positive (high expression level) of Paip1 protein. The immunoreactive scores were grouped as strong (≥4) and weak (<4) for survival analysis. 
Paip1 knockdown and overexpression
SiRNA was transfected with Lipofectamine 3000 (Invitrogen, CA, USA) according to the manufacturer's instructions. The siRNA1 and siRNA2 sequences were 5ʹ-GGATTATCCTACTCTATCA-3ʹ and 5ʹ-GTGGCAACT TCCGCCAATT-3ʹ, respectively. Nontargeting siRNA was used as a negative control (siCON). All of the primer sequences were synthesized by RiboBio (Guangzhou, China). Protein expression levels were analyzed after 48 h of transfection.
Human Paip1 cDNA was purchased form (Genechem) and cloned into the GV144 plasmid. The Paip1 plasmid and corresponding empty vector were transfected into GC cell using Lipofectamine 3000 reagent (Invitrogen) according to the manufacturer's protocol.
Western blotting
Cells were washed twice with ice-cold PBS and then lysed in RIPA lysis buffer (CWBIO). The protein concentration of the lysates was determined with the Bradford reagent (Aid Lab). Equal amounts of proteins were separated on SDS polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% fat-free milk and immunoblotted overnight at 4°C with primary antibodies followed by the corresponding secondary antibodies for 1 h. β-actin was used as the loading control. The membranes were detected using enhanced chemiluminescent (ECL) Prime Western blotting detection reagent (Amersham Biosciences, Uppsala, Sweden). Images were acquired with a Champchemi Professional image analysis system (Sagecreation, Beijing, China) and quantified using LANE 1D software (Sagecreation).
Immunofluorescence (IF) staining analysis
IF staining was used to analyze the subcellular localization of the Paip1 protein in MGC-803 and SGC-7901 cells. The cells were grown on coverslips to 65-75% confluence, fixed with 3.65% paraformaldehyde for 5 min and penetrated with 0.5% TritonX-100 for 12 min. After blocking with 3% bovine serum albumin fraction V (A8020, Solarbio, Beijing, China) for 1.5 h, the slides were quickly washed with phosphate-buffered saline (PBS) three times. Then, the cells were incubated overnight at 4°C with a primary antibody followed by incubation with Alexa Fluor 488 goat anti-rabbit IgG (H + C) (A11008, 1:1000 dilution, Invitrogen, USA) for 1 h. After washing with PBS, the cells were counterstained with diamidino phenylindole (DAPI) (C1006, Beyotime, Shanghai, China) and fixed on a slide. Finally, the IF signals were observed and imaged using a Leica SP5II CLSM microscope (Heidelberg, Germany) with filters for the corresponding fluorescent stains.
Colony formation assay
Cells were seeded at a density of 5×10 3 cells in six-well plates and incubated at 37°C for approximately 2-3 weeks. Even if not observed under the microscope, the culture was terminated when the clones were clearly visible. The number of colonies containing more than 50 cells was counted using crystal violet staining and an Olympus phase contrast microscope.
Flow cytometry analysis of the cell cycle
For cell cycle analysis, MGC-803 and SGC-7901 cells were transfected with Paip1 or siCON for 48 h seeded in 6-well plates and cultivated for 24 h. Then, the cells were collected and fixed in 75% ethanol at 4°C for 24-48 h and stained with 300 μl propidium iodide (PI) (BD Biosciences, Bedford, MA, USA). Finally, the cell cycle distribution was analyzed by an Accuri C6 flow cytometer (Accuri, Ann Arbor, MI), and the data were analyzed with ModFit (Verity Software House, Topsham, ME).
5-ethynyl-2ʹ-deoxyuridine (EdU) incorporation assay
MGC-803 and SGC-7901 cells transfected with Paip1 or siCON were plated in 96-well plates at a density of 5×10 with 4% paraformaldehyde for 15 min. After washing with 3% BSA (bovine serum albumin), the cells were permeabilized with 0.5% Triton X-100 for 20 min. After washing with PBS, 500 ml Click-iT mix was added to each well, and the cells were incubated for 30 min. Finally, the cells were stained with 1 ml Hoechst 33342 for 15 min and observed under a Leica SP5II CLSM microscope.
Wound healing assay
Cells were seeded in 6-well plates and allowed to grow until 90% confluent. scratched with a 10-μl pipette tip and washed twice with PBS to remove the nonadherent cells. Then, the cells were incubated in growth media that changes its distribution to reflect cell migration. Wound closure was analyzed after 0, 12, 24 and 48 h (indicated by cell migration to the scratched acellular area). All experiments were performed in triplicate.
Transwell assays
Cell migration was determined using 24-well transwell plates with 8-μM pore sizes. Cell invasion was analyzed using the same transwell inserts coated with Matrigel. Cells (5.0×10 4 /500 μL serum-starved medium) were added to the upper chambers, and complete medium was added to the bottom wells. After incubating for 48 h at 37°C, 4% paraformaldehyde was added to both chambers for 1 min at room temperature. The upper faces of the filters were then wiped with cotton swabs. Then, Giemsa staining (Wako) was performed, and invading and migrating cells were counted using a microscope.
Statistical analysis
Statistical analyses were performed using SPSS/Win17.0 software (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism ® version 7.00 (GraphPad Software, USA). The results are presented as the mean ± SD. All observations were confirmed by at least three independent experiments. Survival curves were analyzed by the log-rank Kaplan-Meier method followed by log-rank testing for univariate analysis. Multivariate analyses were performed using Cox's proportional hazards regression model. p<0.05 was considered statistically significant. Colony formation and cell migration and invasion levels were compared using Student's t-test or Mann-Whitney U test.
Results
Paip1 is frequently overexpressed in GC
To identify the expression status of Paip1, we first performed IHC staining of GC tissues and adjacent normal gastric tissues. The results showed that Paip1 expression was upregulated in GC tissues compared to adjacent normal tissues ( Figure 1A ). As shown in Table 1 , the positive rate was 85.5% in GC tissues (77/90), which was significantly greater than that in adjacent normal gastric tissues (36.6%, 33/90; p<0.01). Similarly, the strongly positive rate of Paip1 protein in GC tissues (41.1%, 37/90) was significantly greater than that in adjacent normal gastric tissues (7%, 6/90; p<0.01) ( Table 1) . Additionally, we evaluated the mRNA expression level of Paip1 in clinical samples using microarray data obtained from the UALCAN dataset, which indicated that the Paip1 expression level in GC tissues was greater than that in adjacent normal tissues ( Figure  1B) . Then, we analyzed the expression levels of Paip1 in four human GC cell lines (AGS, SGC-7901, BGC-823 and MGC-803) and a normal gastric epithelial cell line (GES-1). The results demonstrated that the expression levels of Paip1 were significantly increased in human GC cell lines compared the GES-1 gastric epithelial cells ( Figure 1C) . Moreover, IF analysis also confirmed that Paip1 was located in the cytoplasm of GC cells ( Figure 1D ). These results provide support for the overexpression of Paip1 in GC.
Paip1 overexpression is associated with poor patient outcome in GC According to the results of IHC, correlation analysis showed that protein expression level of Paip1 was significantly correlated with patient age, lymphatic invasion and clinical stage. However, the expression level of Paip1 was not related to gender, LN metastasis or histological stage (Table 2 and Figure 2A-C) . Univariate analysis demonstrated that age, tumor invasion, lymphatic invasion, clinical stage and Paip1 expression were associated with the overall survival (OS) rate of GC patients (Table 3 ). In addition, multivariate analysis using Cox's proportional hazards model for all significant variables examined in the univariate analysis showed that age, tumor invasion and Paip1 expression were independent prognostic factors for GC patients (Table 3 ). Similar to univariate and multivariate analyses, patients whose tumors expressed a high level (++/+++) of Paip1 had a significantly shorter overall survival time than those whose tumors expressed a low level (−/+) of Paip1 (p<0.001) ( Figure 2D ). For late-stage (II-IV) GCs, OS rates were significantly higher in patients with low Paip1 expression than in those with high expression (p<0.05) ( Figure 2E) . By combination analysis, we found that the expression of Paip1 protein did not correlate with the survival rate of patients with early stage GC (p>0.05) ( Figure 2F ). Overall, these data suggest that Paip1 might be a potential prognostic factor in GC. 
Silencing of Paip1 expression suppressed cell proliferation and induced cell cycle arrest
To further investigate the function of Paip1 in GC cells, we silenced Paip1 expression using siRNA in MGC803 and SGC-7901 cells. Western blot analysis showed that Paip1 protein expression levels were significantly decreased in MGC803 and SGC-7901 cells transfected with specific siRNA compared with cells transfected with control siRNA ( Figure 3A) . As shown in Figure 3B , silencing Paip1 expression significantly inhibited the colony formation ability of GC cells. Additionally, compared to the negative control group, the number of EdU-positive cells significantly decreased upon Paip1 siRNA transfection ( Figure 3C ), suggesting that silencing Paip1 expression decreased DNA synthesis. The speed of the cell cycle is closely related to cell proliferation. 13, 14 We identified that silencing Paip1 induced cell cycle arrest in the G1/S phases ( Figure 4A ). In addition, Western blot analysis indicated that the expression of cyclin D1 was downregulated after Paip1 silencing ( Figure 4B) . Therefore, our studies demonstrated that silencing Paip1 expression induced G1/S cell cycle arrest as the predominant mechanism in the inhibition of cell proliferation.
Silencing Paip1 expression inhibited EMT progression to prevent tumor metastasis
To identify the role of Paip1 in cell migration and invasion, we performed a wound healing assay and Transwell assays. The results showed that the cell migration and invasion abilities were attenuated in Paip1-silenced cells ( Figure 5A-C) . Epithelial-mesenchymal transition (EMT) is the transition from polarized epithelial cancer cells to contractile and motile mesenchymal cells during cancer progression and metastasis. 15 Paip1-silenced GC cells were analyzed for key EMT markers, such as Snail, vimentin and E-cadherin. The results showed that the expression of the mesenchymal marker vimentin and the EMT-related transcription factor snai1 were downregulated in Paip1-silenced cells, while the expression of the epithelial marker E-cadherin was significantly upregulated ( Figure 5D ). Our experiments demonstrated that Paip1 regulated EMT progression to promote tumor metastasis.
Paip1 overexpression promoted proliferation and metastasis in GC cell
To determine the biological functions of Paip1 in GC, we established stable overexpression of Paip1 in MGC-803 and BGC823 cells. (Figure 6D ). Colony formation assay showed that Paip1 overexpression significantly promoted the colony formation ability of GC cells. (Figure 6A ). In addition, Western blot analysis indicated that Paip1 overexpression increased the expression of cyclin D1 in GC cells. (Figure 6D ). To determine the role of Paip1 in cell migration and invasion, we performed a wound healing assay and Transwell assays. The results showed that Paip1 overexpression significantly promoted GC cell metastasis ( Figure 6B and C). Whether Paip1 was involved in the regulation of EMT process of GC, we examined typical EMT proteins. Western blotting indicated that after overexpression in MGC-803 and BGC823 cells, the expression of vimentin and snai1 levels reduced while E-cadherin levels increased. (Figure 6D ). These results indicated that Paip1 overexpression promoted GC cell proliferation and metastasis.
Discussion
Abnormal regulation at the initial stage of the translation process leads to unusual gene expression that alters cell growth and may lead to cancer development. 16 Shull AY et al reported the potential dependence of eukaryotic translation factor 4G (eIF4G) overexpression in chronic lymphocytic leukemia (CLL) survival. 17 Simultaneously, Zhong and associates showed that overexpression of eukaryotic translation initiation factor 4A (eIF4A) conferred cancer cells with resistance to cell death. 18 A new human PABPinteracting protein, Paip1, whose sequence is similar to the central portion of eIF4G and interacts with eIF4A, results in the stimulation of protein translation by binding PABP and activating protein translation. [19] [20] [21] Accordingly, we hypothesized that Paip1 might be involved in the multicellular function of cancer progression as a translation initiation regulator. Notably, for the first time, we demonstrated that Paip1 was significantly overexpressed at both the protein and mRNA levels in GC tissues but rarely in adjacent normal gastric tissues. These results demonstrated that Paip1 participates in the process of GC progression. Additionally, in the univariate analysis, patient age, tumor invasion, lymphatic invasion, clinical stage and Paip1 were identified as factors associated with the OS results (p<0.05). For the multivariate analysis, tumor invasion and Paip1 were independently associated with the OS results (p<0.05). Similarly, Paip1 expression was more abundant in stage II, III and IV GC than in stage I of GCs. Thus, Paip1 overexpression is correlated with late-stage cancers. Based on our findings, we propose that Paip1 can be potentially used as a novel therapeutic target for GC.
Although a high expression level of Paip1 was observed in GC, the detailed molecular mechanisms by which the overexpression of Paip1 promotes GC have not been elucidated. In our previous study, we showed that suppression of Paip1 expression inhibits breast cancer cell proliferation. 22 In this study, we found that the ability of proliferation in GC cells were significantly inhibited with the depletion of Paip1 and increased with the overexpression of Paip1 in vitro. Importantly, cell cycle analysis showed that silencing Paip1 expression delayed G1/S stage in GC cells. These results indicated that suppression of Paip1 expression affected cell growth by inducing cell cycle arrest. Patel et al reported that cyclinD1 overexpression may accelerate G1/S stage as a positive regulator of cell cycle progression, accelerating cell proliferation. 23 As indicated by our data, Paip1 knockdown led to decreased expression of Cyclin D1, whereas Paip1 overexpression enhanced Cyclin D1 expression. These results supported that Paip1 can control the progression of cell cycle by regulating the expression level of Cyclin D1. Metastasis involves a series of complex steps, including reduced adhesion, increased motility, cell attachment, matrix lysis and migration. 24, 25 We observed that the increased levels of Paip1 is significantly correlated with poor prognostic features such as lymphatic invasion advanced tumor pathologic stage, and tumor TNM stage. Previous studies have demonstrated that Paip1 might be involved in the invasion of cervical cancer. 10 Furthermore, our results showed that after silencing Paip1 expression, the migration distance and invasiveness of GC cells decreased, while Paip1 overexpression exhibited the opposite results. These results reveal that Paip1 prompted the migration and invasion in GC cells. Based on the abovementioned results, we investigated the underlying molecular mechanisms for promotion of metastasis by Paip1 in greater detail. EMT is a key process in tumor metastasis and is involved in the coordinated regulation of many genes. [26] [27] [28] In this study, we discovered that Paip1 overexpression promoted EMT by decreasing the expression of the mesenchymal markers vimentin and snail and by elevating the expression of the epithelial marker E-cadherin. These results confirmed that Paip1 promoted cell migration and invasion by promoting the process of EMT in GC. Further studies should be conducted to determine the mechanism by which Paip1 promotes GC metastasis by controlling the translation of EMT-related genes.
Conclusion
This study demonstrated that Paip1 overexpression is strongly related to GC progression and is an independent prognostic factor. Moreover, Paip1 overexpression promoted cell proliferation, migration, invasion and EMT progression in GC cells. Our findings indicated that Paip1 may also represent a new molecular biomarker for human GC.
